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20. Abstract (continued)

gas heating, diffusion of each species, excitation collisions, recombination,
radiation transport, photoionization, shock formation, cascade ionization,
thermionic emission, neutral impact ionization and energy, and momentum
transfer among all fluid species. A computer program has been developed to
r.umerically integrate these transport equations. The ignition and propagation
of laser-supported absorption waves (LAWs) are studied as a function of incident
power level. Graphs are presented of the temperature and density profiles of
each species at various instants in time as a function of th' incident laser
power level.
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High-Energy Laser-Target Interactions

1. INTRODUCTION

The interaction of high-energy laser radiation with a solid surface can produce

many physical processes. These processes include the following: absorption of

laser radiation by a solid target, thermal conduction into target, vaporization of

target material, diffusion of target material into an ambient gas, thermionic emis-

sion from heated target surface, casmade ionization of target vapor and ambient

gas atoms, heating of electrons and ions by inverse bremsstrahlung, excitation

and de-excitation collisions, ener,.,y and momentum transfer among all species,

neutral impact ionization, photoionization, radiation transport, shock formation,

attenuation of laser radiation by plasma, diffusion of each species, electrical

coupling between the electrons and each ton species, recombination, electron

impact Ionization from excited states, and so forth.

(Received for publication 3 October 1975)
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Previous works in this field (Ready, 1DeMichelts, 3Nielson. Nielsen andSCanavan, 5 Harmon6) have Included some of these mechanisms, but not all in a

self-consistent theory. Most of the previous studies have treated the problem
using a one-, or at most, two-fluid model with separate electron and heavy-
particle temperatures. , In these treatments, the ion temperature is assumed

to be equal to the heavy-particle temperature. However, especially, in the immed-
iate vicinity of the target surface, these assumptions may not be entirely valid,
since the expanding target vapor is much hotter than the ambient gas. Also, since
the rate of diffusion of the ions is coupled to that of the electrons, the cooling by
expansion for the ions will be different from that for the neutral species. Finally,
relaxation times between species can greatly increase so that the time for energy
equilibration may become quite large. Indeed. it has been shown that by assuming '1
an initial electron density of about 1018 part/cm3 over a distance of several laser

wavelengths (10.6 pom), f ,r incident laser power levels greater than 3 x 108 watts/
cm in xenon, the ion temperature can be different than the heavy particle tem-
perature.

P. D. Thomas 1 0 has performed computer solutions for the Ignition of laser i
absorption waves (LAW's) based on a uniform vaporization model that takes into
account gas dynamics and radiative transport in the interaction region over the

surface, and for heat conduction within the target. Thomas has compn.red his 1

1. Ready, J. F. (1971) Effects of High-Piwer Laser Radiation, Academic
Press._ __

2. DeMtchelis, C. (1969) IEEE J, Quant. Electronics QE-5:188.
3. DeMichelis. C. (1970) IEEE J. Quant. Elcotronics QE-6:630.
4. Nielsen, P. E. (1974) Breakdown and laser absorption waves, Jour. Defense H

Research., Series B, December.
5. Nielsen, P. E. and Canavan, G. H. (1974) Theory of laser tairget interaction,

Jour. Defense Research, Series B, December.
6. Harmon, nce •o,1974) Proceedings of the 1973 DoD Laser Effects HardeningC"onference (U). Vol. V. Laser supported absorptio•n waves. mitre Corp.•

Rpt M73-115.
7. Edwards. A., Ferriter, N.M., Fleck, J.A., and Winslow, A.M. (1974)

A theoretical descrintion of pulsed laser-target interaction in an air environ-
nent, published in Proceedinrs of the 1973 DoD Laser Effects/Hardening
Conference (U), Vol. V (Oee Yef. 6, p. 115).

8. Stamm, M. R. and Nielsen, P. E. (1974) Nonequilibrium effects in shock- and
transport-induced LAW formation, published in Proceedings of the 1973
DoD Laser Effects/Hardening Conference (U), V-r.Lsee r p.T1).

9. Papa, R.J. (1974) Proagation of High-Power Laser Radiation in Partially
Ionized Gases, A.FCkRL-TR-74-0532.

10. Thomas, P.D. (1973) Laser-Absorption Wave Initiation in Air Over Vaporiz-
Ing Targets (.ee ref. 6, p. 69).
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calculations with the experimental results of Mathema.tical Sciences Northwest 1 1
; 12

and Battelle Memorial Institute. Thomas concluded that a uniform vaporization
model is probably valid at 10. 6-Mm radiation for intensities of the order of a few
times 106 watts/cm2 or less, but the physics of the interaction is different above
this Intensity.

Musal11 has noted that in the laser intensity range 3 x 10? to 3 x 10o watts/
2cm, laer-supported absorption waves are ignited in times much shorter than

that required to produce uniform surface vaporization. Musal has presented an
analytic model of the field-emission/caicade-ioniuation buildup of the plasma over
a small protrusion on the laser-irradiated target. Musal has concluded that the
prompt initiation of laser-supported absorption waves at metallic surfaces at
incident laser-beam intensities above 5 X 10 watts/cm2 ay:e probably caused by
cascade air breakdown initiated from localized plasmas generated in the ambient
atmosphere by impact ionization from electrons field-emitted from surface pro-
trus ions.

Walters1 4 has listed the following mechanisms for LAW ignition:

(1) Uniform target vaporization
(2) Oxide vapor absorption

(3) Chemical reaction
(4) Thermionic emission
(5) Planar reflection-enhanced fields

(6) Local target heating
(7) Contamiuant and gas desorption
(d) Field emission

(9) Shock heating of the air
(10) Nonequilibrium Ionization of the vapor

(11) Defect enhanced fields
Using photographic, photometric, spectroscopic, electronic, and surface diagnos-
tics, Walters 1 4 has assetsed the role of the various LAW ignition mechanisms.
He has concluded that thermionic emission and local target heating play a major
role in the LAW ignition pro~ess.

11. Klosterman, E.IL., Byron, S.R., and Newton, J.F. (1973)Laser upported
Combustion Waves Study Report No. 73-101-3, Mathematical sciences
SNorthwest, Seattle, .

12. Walters, C.T. (1972) Review of Experiments at Battelle presented at the
Workshop on TAser-Induced Combustion Waves, e-wif'!e, Wash.,: 5-6 December 1972.

13. Muial, H. M. (1973) Prompt Initiation of Laser-Supprted Absorption Waves
in Air Via Field-Entsion from Tariet Surfices (see reo. 6, p. 157).

14. Walters. C. T. (1973) Experimental Studies of LSD Wave Initiation on
Aluminum Tar-et- (see ref.'6, p. 17-).
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In the present paper, mechanism* (1). (3), (4), (6), (8). (9), and (10) are

included in a consistent fashion. Also, the effect of the lntoed target vapor on

the electron diffusion process is properly treated. Cohen et al. have presented

a method of analysis by which the electron cascade equations are coupled to the

fluid mechanics conservation equations for the purpose of investigating the effect

of a shock-induced flow field on breakdown. The laser plasma interaction is

treated by an idealised single fluid model which includes umequal electron and

heavy particle temperatures and a two-stage ionization model. A similar model

has been used by Stamm and Nielsen. However, the transport equations presented

1i references 8. 10. and 15 are such that some of the nonlinear convective deriva-

tive terms are neglected. Also, in the equations for the time rate of change (ur

energy density, sone of the terms representitg the time rate of change of the

fluid energy due to its convective motion are neglected. At high laser intensities,

these terms may not be negligible.

Part of the purpose of the present report is to relax some of the assumptions

that were made in references 1, 7. 8, 10, 1. and 15, in order to investigate their

range of validity. For example, it may not always be appropriate to write down

the continuity and energy equations in a single Lagrangian frame for all species,

because this implies that the coi.vective velocities of electrons, tons, and neutrals

are all equal. Also, the electron diffusion coefficients, which are normally de-

rived in an Eulerian (fixed frame), will differ in a Lagrangian frame. In addition,

since the laser flux levels can reach quite high values, the nonlinear convective

derivative terms in the nomentum transfer equation for the electrons should not

be neglected a priori. However, it can be shown that for 10. 6-Am flux levels up

to 5 X 10 watts/cm the nonlinear cornvective derivative terms in the electron
gas can indeed be neglected (see Papa.,9 p. 54). Finally since the target ton density

may become quite large in the vicinity of the target, the effect of the presence of

two distinct ion species (target and ambient gas) on the elettron diffusion cooiffi-

cdent should be investigated. Ine fluid transport equations, written in an Eulerian

frame with no terms omitted, are given in Holt and Haskell, C pp. 156 to 166.

These general equations are the ones used in this report.

The present report includes the following physical mechanisms describing

high-energy laser- target interactions:

(1) Laser wave absorption in a plasma and in the target.

15. Cohen, H.D., Su, F.Y., and Boni, A.A. (1973) A.Simple Nonequilibrium
Model for a Shock-Heated Monatomic Gas Irradtited9B-" aintense Uaser

Bea.m (see ref. 6, p. 239).

16. Holt, E. H. and ,askell, R. E. (1365) FoundatioAs of Plasma Dynamics,Macmillar,.

10
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(2) Electron and ion gas heating by inverse bremostrahlung due to absorption

of laser wave energyi
(3) Electron diffusion coupled with the diffusion of the ambient gas ions and

the target vapor tone:
(4) Excitation of one energy level by electron impact on a neutral atom;

(5) De-excitation of energy level by radiation;
(6) Diffusion of resonant radiation sad subsequent excitation of neutrals by

resonant radiation absorption;

(7) Electron impact ionisation from ground state:
(8) Electron impact ionization from excited level;
(9) Diffusion of neutral-state atoms and excited-state atoms duo, to tempera-

ture and density Igrdients;
(10) Recombination:

(a) radiative,
(b) electron-electron-ton.
(c) transitional;

(01) Momentum transfer from laser wave to electron gas due to inhomo-
genitite In dielectric coefficient (nonlinear forces discussed by Hora17 )a

(12) Thermal conduction in electron gas, ion gas, neutral gas, gas of excited

atoms and target vapor;
(13) Bremsstrahiung loss by electrons colliding with tons;
(14) Radiative recombination cooting of electron gas; A
(15) Energy transfer by collisions between electrons and ions;

(16) Energy transfer by collisions between electrons and neutrals;
(17) Energy transfer by collisions between ions and neutral.;
(18) Nonlinear convective derivative terms are retained in the momentum

transfer equations.
(19) HeatinE of the tons due to dynamic polarization of the plasma (Vinogradov

and Pustovalov S;
(20) Arbitrary laser frequency (so long as htL <C Eexcted. where

Eexcited 2 energy of excited state, h = Planck's constant and v L a laser frequency.
so that classical physics applies);

(21) Arbitrary pulse length, pulse shape, and pulse repetition frequency;
(22) Shock fbrmatton mechanisms;

(23) Photo-ionization due to continuum radiation absorption from the ground
state or from an excited state;

17. Hors, H. (1969) rhys. Fluid* 12:182.
18. Vinogradov. A. V. and Pustovalov, V. V. (1972) Soviet Jour. Quant. i3

Electronics 2:91.
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(24) Neutral-neutral impact ionization;

(25) Abs3rption of laser energy into a target and thermal conduction into the

target;

(26) Vaporization of target material, with diffusion and ionization of target

material into an ambient gas;

(27) Thermionic emission from target surface;

(28) Effect of target ions on electron ambipolar diffusion coefficient;

(29) Energy and momentum exchange between target vapor and ambient gas
particles;

(30) Energy and momentum exchange between target vapor and electrons;

(31) Ionization of target vapor by electron impact;

(32) Ionization of target vapor by neutral-neutral impact.
9

In a previous report, it was explained how multi-fluid transport equations

can be used to describe the physical mechanisms (1) through (24). Mechanism (25),

absorption of laser energy into a target, and thermal conduction into the target,

are describee in this present report by solving the one-dimensional heat-flow

equation. The absorptivity and reflectivity of the target are functions of the inci-

dent laser-power level. In Fig. 3.26, p. 116 of reference 1, the reflectivity of

various materials is plotted as a function of laser-power level for a Q-swltched

Nd-glass laser. In the present report, it is assumed that the reflectivity cf a

target has the same behavior under irradiation at 10. 6 jzm wavelength. The

solution to the heat-conduction equation for an arbitrary laser-pulse shape is

given by Eq. (3. 9), p. 73 of reference 1:

t
1/2 Ft)2TT(X, ~ ~ ~ t)=d (t T ) i

K T(x 0 fd-71-" exp (.-x /(4K')) (1)
KW0

where

TT = temperature of target;

x = spatial position, with x = 0 taken as target surface;

t = elapsed time;

K = thermal diffusi,' ty;

K = thermal cond,..tivity;r F = absorbed laser flux as a function of time.

12
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The target is ahisumed to vaporize according to a model proposed by

Anisimov.' 9 The surface temperature of the target is obtained by equating the

absorbed laser energy density to the surface temperature rise times the specific

heat plus the specific heat of vaporize-ion:

F 8 sp(CpTI + L] , (2)

where

Vss velocity of retreating target surface,

p = target density,

Cp = heat capacity per unit mass,

T' = maximum target surface temperature,

L = specific heat of vaporization per unit mass.

If NT(Z = L) is the density of target vapor atoms at the target surface, then

T4

dNT(L)SS=hail/NT(L)| (3) t

where ha = thickness of an atomic layer in target material.

The continuity equation for the target vapor just at the target surface is given by

NI NT v exp (-LM/N kTI) ,(4) i

where

V° = Debye frequency,

M =-atomic weight of target material,

No = Avogadro's number,

k = Boltzmann's constant.

Combining equations (2), (3), and (4) gives an implicit equation for the maximum

target surface temperature T :

F ha V p[C T' + L) exp(-LM/N kTI) . (5)

0nsmv p 0

19. Anisimov, S.1. '1967) Soviet Phys. Tech. Phys. 11:945.

13

I



The fluid transport equations governing the target vapor density and tempera-
ture are similar to the transport equations for the other species, such as ambient-

C gas atoms, excited-st~ite atoms, electrons, ambient-gas ions, and target vapor
16ions (Holt and Haskell, pp. 156-166).

A very general computer program has been developed to solve this complica-
ted set of nonlinear, partial differential equations. The program gives the laser
intensity at any point from x =-oo up to the target surface x =L. The attenuation
of the laser beam due to any ionized particles generated by the interactions is
accounted for by representing the laser electric-field intensity through the WKB
approximation. Equation (1) is solved numerically for the target surface tempera-

tur,T(x =L). Then Eq. (2) is solved for T1 using the Newton-Raphson method
(Stark,2 p. 85); but TT(x = L) cannot exceed T'. Equation (4) is solved for NT
the target-vapor density, just at the target surface. The fluid transport equations
for the target-vapor density and temperature, ambient-gas density and tempera-
ture, excited-state atom density, electron density and temperature, ambient-gas
ion density, target-vapor ion density, and ion temperature are coupled to Maxwell's
equations which govern the laser wave -propagation characteristics.

*As explained in a previous report, 9the plasma transport equations are of the
telegraph type (Halt and Haskell,1 p. 186). The coupled, partial differential
equations are converted into a system of difference equations. A partially implicit,

partially explicit (PI-PE) scheme for numerically integrating these transport equa-

time step is selected. The PI-PE technique for integrating transport equations in
time is discussed by Richtmyer and Morton. 21The resulting system of difference
equations for the particle densities, fluxes, and temperatures is solved at each
time step by inverting a band-structured matrix. An efficient computer algorithm
has been developed for inverting such band -s tructured matrices.

coefficient are calculated by using the WKB method to solve the wave equation.

Also, if the percent change of all species is less than a certain tolerance from one
time step to the next, the time step is increased. If the percent change of any one
species is greater than a certain tolerance from one time step to the next, the time
step is decreased. Finally, if the percent change of density or temperature of any
one species is less than a certain tolerance for ten consecutive time steps, that
particular species is "frozen out" for ninety consecutive time steps.

The various species that are involved in the high-energy laser - target inter-

actions include: electrons, target-vapor ions, ambient-gas ions, ambient gas atoms
20. Stark, P. A. (1970) Introduction to Numerical Methods, Macmillan.
21. Eichtmyer, R. D. and Morton, K. W. (1967) Difference Methods for Initial

Value Problems, Interscience.

14



excited-state atoms, and target vapor. Thus, there are six sets of coupled fluid

F equations. For a given set of. initial conditions, laser-pulse shape, pulse height,

pulse length and target conditions, graphs are presented of the particle densities

and temperatures as a function of position at different instants in time. In this

particular report the ambient gas is chosen to be xenon, the laser wavelength is

10. 6 pim, and the target is aluminum.

2. MULTIFLUID TRANSPORT EQUATIONS

In reference 9, the multifluid transport equations were given for a high-

intensity laser wave propagating through a partially ionized plasma. These equa-

tions were presented after making 27 self-consistent assumptions. In the present

report, target heating due to laser absorption, target vaporization, diffusion of

target vapor and ionization of target vapor are described, so that ignition and

propagation of LAW's may be systematically investigated. Thus, in addition to

the assumptions listed in the report by Papa, 9 several additional assumptions are
added in order to include the target interactions.

A list of all these assumptions follows:

(1) It is assumed that there are no variations of the plasma parameters in the

y or z direction, only in the x direction (direction of laser wave propagation). The

variation of the electric field intensity is also neglected in the y and z directions.

These assumptions are reasons?1e, provided the diameter of the laser beam is

much larger than any characteri3tic lengths in the plasma (such as Debye length,
diffusion length, and scale lengths for temperature and density gradients).

(2) The heat flux tensor is assumed to be isotropic for thermal conduction in

the electron gas, ion gas, and neutral gas.

(3) There is only one excitation potential Eex of the neutral gas.

(4) The electric field vector Ey is transverse to the direction of wave propa-

gatioi.. The incident laser wave is a plane wave.

(5) There are no inelastic collisions of the second kind, only electron impact
and absorption of resonant radiation can excite the neutral particles to the energy

level Eex.

(6) There is no multiphoton absorption.

(7) The electron and ion energy changes are assumed to occur continuously,
so that the electron energy gain and loss terms are treated according to the laws b
of classical physics. This assumes the laser photon energy is 1 eV or leis (CO2

laser).

(8) It is assumed that at t - 0 the electron-density profile Ne (x,. t = 0), the

ion-density profile NI(x, t = 0), and the neutral-gas -density profile NN(x, t = 0) are

15
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Known. Also, ths :'lectron temperature Te (x, t = 0), ion temperature TI(x. t - 0)

and neutral-gas temperature TN are assumed to be known at t = 0. These initial

electrons end ions are not due to the prebreakdown ionization observed by

Papoular, 22 s.nce LAW's may be ignited from targets at laser fluxes lower than

that required to initiate breakdown in clean gases without a target. These initial

conditions may have been the result of several different types of phenomena, such

as the direct emission of particles from the target surface due to either photo-

electric effect, thermionic emission, multiphoton absorption, or the tunneling

effect. Keldysh23 has shown that a frequency-dependent tunneling mechanism

becomes equivalent to multiphoton ionization in the high-frequency limit.

(9) The possibility of shock generation occurring in the emerging target vapor

will be neglected; shocks can form only in the ambient gas.

(10) Each atom is assumed to be capable of being only singly ionized so that

'multiple ionization effects are neglected. Only the following ionization mechanisms

are considered:

(a) neutral-neutral gas atom impact ionization

Xe+Xe-Xe +Xe+e

(b) neutral-neutral target vapor atom impact ionization

Al+Al-- AI+Al +e

(c) neutral-target vapor atom--neutral-gas atom impact ionization

SXe~+
Al+Xe e e- +Al+e e

(d) electron-neutral gas atom impact ionization.

- I e+Xe-.Xe +2e

(e) electron-neutral target vapor atom impact ionization

e+Al- Al ++2e

22. Papoular, R. (1972) The initial stages of laser induced gas breakdown,
article in Laser Interaction and Related Plasma Phenomena, Vol. 2,
Proc. of the Second Workshop held at RPI, Hartford Graduate Center,

t ,edited by H.J. Schwarz and H Hora, Plenum Press.
23. Keldysh, L. V. (1965) Soviet Physics JETP 21:1135.

16



(I) photot-ionization of the neutral-gas atoms by radiation from free-

free transitions

+
hv+Xe-- Xe +e

(g) photoionization of excited-state atoms by radiation from free-free

transitions

hV+Xe' .- Xe+ +e

(11) Inelastic ion-neutral collisions are neglected, which implies that charge-

transfer reactions and ion-neutral Impact ionizations are neglected.
(12) The Thomson cross section for scattering of laser radiation by free

electrons is assumed to be negligible.
(13) Light scattering from electron-density fluctuations as discussed by
Rase 2 4

Ramsden2 is negligible.
(14) The heating c ! the electrons by stimulated Compton scattering, as dis-

18cussed by Vinogradov and Pustovalov, is negligible. However, the heating of

the ion gas, due to the dynamic polarization of the plasma at the frequency of the

scattered photons, is included.
(16) The radiation at frequency 'ex ex/h is assumed to have a very small

mean-free path in the plasma. Thus, the plasma is optically thick at this frequency
and only the wings of the resonant radiation line =an diffuse. ThiU implies that the
bound-bound absorption cross section is large. The diffusion of the resonant radi-
ation in treated in the manner discussed by Myshenkov and Rait-er. 2 5

(16) The electron-distributic function, the ion-distribution function, the

neutral ambient-gas atom distribution function, and the target-vapor atom dis-

trioution function are all assumed to be close to Maxwellian, so that one may
define an effective electron temperature Tee an effective ion temperature Trs an
effective neutral gas temperature T NO and a target xrepor temperature T T' Thus,

the Maxwellianization times for each species are assumed to be shorter than any
time scales for temperature or density chang~es.

117) The neutral gas particles in the excited state Eex are assumed to have
the same translational temperature T N as the atoms in the ground state.•[

(18) The electron pressure tensor, ths ion pressure tensor, the neutral gas

pressure tensor, and the target vapor-pressure tensor are all assumed to be too-

tropic.

24. Ramaden, S.A. (1968) Physics of Hot Plasmas, Scottish Universities Summer
School, Plenum Press.

25. Myshenkov, V. I. and Raizer, Yu. P. (1972) Soviet Phys. JETP 34:1001.
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(19) There is no dc magnetic field present.
(20) There is no effect on the plasma processes due to metastable states.

(21) The plasma is assumed to remain nonrelativistic, so that the effect of

the ac magnetic field is negligible compared witl, the ac electric field (except

insofar as the ac magnetic field contributes to the nonlinear force discussed by

Hora 
1 7

(22) The wave period T = 2r/u of the laser radiation is much shorter than the

time scale for electron density and temperature changes, so that the electric field

E remains monochromatic in the time-varying plasma (Papa 26.27
y

E c exp (-iw t).

(23) Electron attachment is neglected and it is assumed that there are no

negative ions present in the plasma.
(24) The thermal DeBroglie wavelength of the electrons X iDeBogle Is much

less than the average particle spacing

XDeBroglie << Nel/ 3

eA
where

Ne = electron particle density, JA

XDeBroglie = h/(2wmkTe)l/ 2

h = Planck's constant,

m electron mass, 'v

k = Boltzmann's constant,

Te = electron temperature.

Then, the laws of classical physics can be used to describe the plasma.
(25) The nonlinear force term

fNL " 1 [-1eIoEy12 + 1 aIHzI2] (6)

discussed by Hora 1 7 affects only the electron momentum equation, but not the ion

equation. 4
(26) The term 1 NL v• is neglected in the energy equation fLr the electrons

compared with the joule heating term Jy E where Jy ac current density, and

vx = electron velocity in the x direction.

26. Papa, R.J. (1965) Can. J. Physics 43:38.

27. Papa, R.J. (1968) Can. J. Physics, 46:889.
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(27) The target is assumed not to melt, the target material passes directly

from the solid to the vapor phase.
(28) Photo-ionization occurs only in the ambient gas, not in the target vapor.

(29) The nonlinear convective derivative terms are neglected in the momen-

turn transfer equations for the electrons, target vapor ions, ambient gas ions and
target vapor atoms. This permits the particle fluxes to be written in terms of
appropriate diffusion coefficients multiplied by density and temperature gradients.

(30) The laser wave that is reflected Zrom the target surface is neglected,

there is only a wave travelling toward the target.
(31) The ambient gas tons are assumed to have the same temperature T1 as

the ionized target vapor.
(32) The ac current density J is made up of a component due to electron

y
motion J and to the motion of the ambient gas ions J the current density due

y Y
to the motion of the heavy target vapor ions is negligible:

ac e e

y y y
With these assumptions, Maxwell's equations coupled with the fluid transport

equations for the electrons, ions, neutral gas atoms, excited state atoms, target
vapor ions, and neutral target vapor become (Holt and Haskell, 1 6 p. 156 et seq.): V

ON I
V LN N + V N N +V NN +I N(T+Na =I e N I ex e I CNT+ eT NNINN(NT+NN)

or
2 e. + VNNITN +T NN +ex ex--reNI+NIT) -ox •1

NI 2 Noex
D ex +v N N X V *N Ne/T* - ex * (8).at RAD ax x NN eNeN -e x ox

!N1  e e x A c

at V = NeNN + IeNex Ne + vNNINN(NT + NN) + qexNex + qNN

orI
N - NeN (9)

a "t IT e NT T r e IT Ox(x

•A

6: 19Il __



or•

a~.N
8NN u - IINeNN - 3NNINN(NT + NN) -qNN +aN N1 -NexNeNN -

at
(11)

2N
ON Tz_ NNN 2 + OI+QT+ D " (12)

S- YITNeNT -NNITNT +arNeNr DT a 12

2a2 "
are -8(re/INe 1 Okee 1 a IE
Ttr aIX -x ,u,~h I1 +.~ 0 HI

eN (-AE + Ne &EN "N/NN) - YeNre + Nel/eI("I/NY) "ver e

Ne veex (r-ex Nex v eex re + Ne eNT (r',TINT) VeNTIre (13)

-1I" p/N1 , 1 a(NI kT )

t ax m ex + NI(e/mI)Ex + NIVIN(rN/NN)

-vINrI + Ni~ie(re/Ne) "ier, + N, Viex(lrex/Nex) - -Iexrl

+ NI ITrT/NT) ( •INTPI (14)

arI 8'2lT/NT) I 8lNIT kTI

T ax
S= " I~xax + ITe/IT) x + IT IN N/ )
SIT

-ITNFIT + N ITeVielre/Ne) -7ITe rIT

+ NIT VITex (rex/Nex) - VITexrIT + NIT vITNT(IrT/NT) - ";ITNTrIT

(15)

r D T (16)+-: T : T 8x •

20i]
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+NVr+ NV (r./N.)V r
at ~ eI N Oxe exex No~ N

(r+ N e1  BFN*1 +TN) U (r/NeX)- 7,r

ar~ex ex ex e-

+ Nex*UexI(fli/bY 'i g U 1 re + "exldexN (rN/N N) - &exN rex

+x ex~eNT (T/NT) U"exNfrrex

=(e/e 0 )[N 1 + NI - el (19)

B(~ +lk N0 m -5 (-er0  mt 2 +m& (r IN.)
at 2 Bt 2 at '2Ox ee

B e -

(E-e x y J)A eN efk (Te v NL,

GeI e~*(T 8  el T1 P1 -NT Ne+ e TT geNT

v-I &JiEE. e- V 0 N~ Ne NE N LevN
I F 1 1 1 ex e I ex IT e T IT

v'ex NeNN Eex -arN (N I+ N IT OFk Te)

-[e'/(24we 0 3c3mh)] 475ii)8k/(wm)J1/e2NT 1e

+(qN +q0 N* 1 )(3 kT/

+ V~NN e ex e/2)+ NIN]3T/)2)

212 NT 3kT1)(0

--. .. .. vNTN (N- A~~I.& N,-,j.e + .at.~ fl-.r 4 NNT



kT)+ if(TN + rx-3l$ .l/) 2 )

(T- I.~ r- I __T IV I I i__

+ ( + , + k(T - Tei~ x (' v ve)A

.0 pN -Lk (T1  T) ve %N (N-4N N) (3kTI)

1: ~+ (qN~ %N*( MkTI/2)

+ [NM ~N~N ON + NN (3 k ~TI/ 2)

+ (~- ,j7(-~N ) (.M;) a2kL

x *T 0 8/ 2 T 1 /1 2 -2-- + (a.+ a4 • a (2 - a2 -3a41 )l+ F r.(i T+T ••f MN2+"

I L

Xtn ( (2+"S&.1)

SN =) ((N2T) 22T

2- 3, -.r .,i•

2 •k.8t Ox •(" T ) " .",:

+T N (T -T (2N +a k NNT2NNTNoTTI UNNT

"NNTo. T aNT 2
-l I -Nk.NT('rTTT)+arN.~ j-kT

3keN Ne* (To - Te )v Ick (T1  T)N

2 ~~~ r I

+ 0 NNT NN (TT -TN) 1 NN' - VIN.NN 18kTN/ 2 ) 4L (23)
22

ST(T(.
at NrN NI ) 'Na N

OTi



-I NN1 (NT + ?N)(M kT / 2 ) M *N N. (kT)

+.,N,, (ikT . N, ) -tq,+%.,,,,(,kTN/,) (23 contd)

izz W JA HS(24)

8x iW so Ey ,,i -, (2yI15)

Jy- -e N y (26)

I Iy eN y27)

y IVY

+ (N. evxe + N+ Ey -N v +N v (vy v-

&(N v 1y a II
et ~ (Nvv)- N1 (. Y NI IN uv. + N, 10 Ny vYI) *(29)

Here. the loser wave propagates ..n the + x direction and the target in located at

x E L and H. 0Cexp (-i Wt0

SNj - particle number density.
t,+..•-- e =•-- electrons.

•+ =~ I - ambient gals ions".2

- IT - target vapor ions.

- N -- ambient gas atoms.tr * NT target vapor atoms.J• •- ex ..- excited state atoms.

rj - flux density of species J.
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T temperature of specieo j.

i ionization frequency due to electron impact on ambient gas atoms
(ionization crons section, times relative velocity).

VT ionization frequency due to electron Impact on target vapor atoms.

"VNNI • ionization frequency due to a neutral atom colliding with an ambient

gas atom.

NNIT ionization frequency due to a neutral atom colliding with a target
vapor atom.

Vex ionization frequency due to electron impact on an excited state atom.

ar - total recombination rate coefficient for radiative recombination and
electron-electron-ion recombination.

q photo-ionization rate for ionization of ambient gas atoms by continuum
radiation.

qe photo-ionization rate for ionization of excited state atoms by con-
tinuum radiation.

DRAD a diffusion coefficient for resonant radiation (bound-bound transitions)
Q 1/ 3 r).

I - mean free path of resonant radiation quanta.

T • average lifetime of excited atomic state.

Vx rate coefficient for production of excited states by electron impact
ex

on ambient gas atoms.
T =average time for resonant radiation to escape from plasma (laterally,

in y-z plane).

k Boltzmann's constant.

mj particle mass of species J,

m =me* electron mass.

Ey a ac electric field of laser wave.

Hz = ac magnetic field of laser wave.[ NT - particle density of target vapor.

e - charge on electron.

v - particle velocity in y direction of species J.
y

v = particle velocity in x direction of species J.

24
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&0 • permittavity of free space.

0 permeability of free space.

rj • NJ vxJ.

R X quasi-static electric field due to charge separation.V - eatron-neutral collision frequecy for momentum transfer. d

*NL

vel - electron-on iollsion frequey.
V*1 a coUlolson frequency for momentum transfer between species It and

species l,.'

collision frequency for momentum transfer between species k end
species J transformed from center of mass coordinates to laboratory
coordinates.

K• thermal conductivity of gas consisting of species J.

G tractional energy loss in collisions between species k and species
J - 2mkm/l(m + nlj) for elastic collisions between species k and
species J.

c velocity of light.

h - Plantk,'s constant.
I. ij

El = ionization energy of ambient gas from ground state.

EIT = ionization energy of target material.

Ex - energy of excited atomic stale.

QT - rate of emission of target vapor at target surface,

= NTvo exp I-LM/NokTT(x L=).

S= Debye ftequency.

M - atomic weight of target material.

N = Avogadro's number.

DT = diffusion coefficient for target vapor.
= ktTT / (mT•';TN).

k
y - ac current density of species k.
y

v etE 1/(miw).E ,y
= frequency of laser radiation.

25
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kL JLp 2 w
2 2

S= square of plasm a frequency = Nee /lm eo).

Aw/w = relative frequency spread oZ laser radiation.
2 2.

T me /8k)(Aw/w)
0

2 -(Mc 2 /kT)(, ) (1 + Te/T.).

The physical significance of each term in Eqs. (7) through (29) is discussed in

reference (9). In reference 9, it was explained how additional assumptions are
made to further simplify Eqs. (7) through (29). The terms

8Ne eVy

and

Tax [NCeI • evxe'yJ

in Eq. (28) for the y component of the electron velocity are small and can be
neglected if it is assumed that:

(33) The time scale for electron-density changes TN is long compared with

a wave period

>> (2ir/•,)Te

(34) The electron-neutral collision frequency YeN or the electron-ion collision
frequency Yei is large compared with vxe/LNe0 where LN is the space scale for
electron density gradients

"eN vX/LNe

or

"el x Ix/LN .

Similar assumptions can be made in Eq. (29) for the y component of the ion velocity:

(35) It is assumed that the time scale for ion-density changes Nr is !ong com-
pared with a wave ,riod I

26



S_ i .

(36) It is assumed that the ion-neutral collision frequency vIN or the ion-

electron collision frequency Ve be large compared with v. L./-, where L is the

space scale for ion-density changes

V-IN >>vx /NI

or

ie > VxI/LN •

With assumptions (33) through (35), Eqs. (28) and (29) become:

.i y + e Ey -_ y + V ( V ) . (30)

_i e Ey ye ) (31)

Solving Eqs. (30) and (31) yields:

Is +eE (w - IiN) (32)

-eE (iw -eN(

where

DENOM =-W -k (V~ + V +1 +V )+ i+iV Ll

.eN + eI+IN + gle)+ veNVIN + veNVIe + VeilIN

The self-consistent electric field Ex that appears in Eqs. (13), (14), (15), and

(19) may be eliminated by making several additional assumptions. The initial

ionization is assumed to be sufficiently high that the Debye length ID is much less

than the scale lengths LN and LN, foiflectron and ion density changes:

(37) 1 L or L

D N1

where

27



From Poisson's Eq. (19) and assumption (37) it is easily shown that

Ne = NI+NIT (34)

for distances greater than a Debye length. Then, subtracting Eqs. (9) and (10)

from Eq. (7) and using Eq. (34) gives:

ar e ar• + ar IT 
(35)ax- Tax ax

From assumption (19) one may deduce that the plasma is irrotational, so that

Eq. (35) implies that

r Ir +r = (36)

In order to simplify Eqs. (13), (14), and (15), the self-consistent electric

field Ex may be eliminated by making the following assumptions:

(38) are VrN

(3 9) ve << Ve ilel eN

(40) eex << eN

(41) veN << Ve

eN"I _

ar1  7r
(42) at << IN rI

(43) e <ri

(44) << V
ex IN

(4 5 ) U N < U N" i
' INT VN

or
(4 -at- << vITNrIT L .i

(47)

28



Also, it was shown in reference 9, p. 54, that

(50) vxe<< 4(3kT*)/m

which implies that

(5 1) v << [3kri/m1 ]1/2

and

IT ]1/2v I << k 'i mTT I/mIT

Ir: The use of assumptions (38) through (51) permits the reduction and simplifica-

tion of Eqs. (13), (14), and (15) to the following form:

it: B Y~ (NekTe) NeeEx x [l H(7
r TR e Fx7 + m +- eo Jo "A I(7

NI eN E 1

-.•V r i (N kT-) ex (38)

Sa (NT kT IT • (3x

"7ITN rIT miT x IT I MIT

The use of Eq. (36) allows Ex to be eliminated from Eqs. (37), (38), and (39).

From the computer runs made in reference 9, it can be shown that

ON 8T(52) -ý- >> _ -e and
(52) 8 ax T ax 8x

! e

1 •.I>>laTt

N~ O~x T 8 x

Then, also assuming that

(i 54) 1 1 I >> I-• a•
N Tx- Tax

29
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r e -DIFFE 1 ex -DIFFE 2 Oxa

(40)

r ~ IT Be
IT1 x2TxTx

(41)

where

(Nrr\ I rVmTN (/TN] ) T g VT)

IDEN=) I --- e~ +JT N/ I+In/ M .
\Nee LtmI IJ

tNNIT
AENL = m DEN R_ N_(~-~)

DIFFI7E (1/DEN)(kTI/m IT)1 -j J

ANLP. (- (1/DEN) N~ 1_v/m

re~~~ ) - RiýNa

the ITT 0-I andeNII
k(FF T +TE) mN

ITI

then 0 a0



which is the usual expression for ambipolar diffusion in the presence of a single

positive ion species.

Substituting Eqs. (32) and (33) into Eqs. (26) and (27), and then substituting

Eqs. (26) and (27) into Eq. (25) gives

a 2 2
Hz [Ne NeW IN) Ne e2 (i e O veN) E (42)

"m •DENOM eN E(

It is reasonable to assume that the scale length for electron density changes

8 In -NLNe= laxNe

is long compared with the laser wavelength X in the plasma produced in front of

(5s5) L >> Xp [Al•

I (5)It is convenient to rewrite Eq. (42) in the form

a8H- = t eEy - aEy = iUsKEY , (43)0 01

where a the conductivity, is given by

= e 2 [(IWam (ieN)]ANe IN)

and the dielectric constant K is given by

K =1= '

Combining Eqs. (42) and (24) yields the wave equation

9 +*KEY =0 .(44)

ex c

Since the eleetron density Ne and electron temperature Te are functions of the j
ei

electric field intensity Ey, and since K is a function of Ne and Te. Eq. (44) is

31
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'a=

noW.'near in E However, the use of assumption (55) permits Eq. (44) to be
Y, 28

solved using the WKEI perturbation method (Ginzburg, chapter 39):[non INC .near in (45

where EINC is the incident field intensity at position x xo .

Thus, under these 55 assumptions, the transport equations coupled with

Maxwell's equations reduce to Eqs. (7), (8), (9), (10). (11), (12). (16), (17), (18),
(20). (21). (22). (23), (24), (34), (36), (40), (41), and (45). It should be noted that 4
the terms

-- m  -(/Ne and -m IN

can be deleted from Eq. (20), because it was shown in reference 9 that

ye «jT/] 1 / 2':~Vxe << [3kTe/ inl

As indicated in reference 9, the electron temperature Tee the electron flux
dens ity re and indirectly, the electron density Ne, ionization frequency vi0 elec-

tron thermal conductivity Ke, target temperature TT (x = L), target vapor density

NT, and so forth, are all functions of the electromagnetic field intensity I E 1.
This implies that all particle densities and temperatures are mutually coupled.
The system of nonlinear, partial differential equations is solved by converting

them to a system of partially implicit, partially explicit (PI - PE) difference

equations. 21
The boundary conditions are such that the target temperature TT (x L) is

given by Eq. (1), but TT (x = L) cannot exceed T' given by Eq. (5). The target

vapor density NT, at the target surface x L, is given by the expression

~~~~ [N (xMNkx L)]
NT(x L) dt' IN Y exp (-LM/No kTT L)) + D a

t'= o TSo or T 2

.j (46)

where NTs = target material dens ty at target surface. The momentum and energy

transfer terms in the transport equations are set up in such a fashion that the total

28. Ginzburg, V. L. (1964) The Propagation of Electromagnetic Waves in Plasmas,
Pergamon Press.
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momentum and energy of the entire system is conserved. Also, the gain and loss

terms in the continuity equations are such that the total particle density is con-

served. Thus, there is no need to impose particle, momentum, and energy con-

servation conditions at the boundaries of the system. The boundary conditions on

the dependent variables Ne, Nex, NN, N,, rN, rex, Te, TI, and TN are free.

The electromagnetic field quantities E and H are specified at x -o- - (laser wave

source). The solution to the laser-target interaction problem is determined with

the specification of the initial conditions on the dependent variables Ne . NexNN, 1 .

NT. TNs rex' Te, TI TN. and TTfor -c0< x< +Go

In this report, the background gas is taken to be xenon. The transport

;fficients, reaction rate coefficients, and cross sections have been selected

from a number of references. A list of the physical constants and transport

coefficients follows:

= ionization frequency for electrons impacting on the neutral particles in

the ground state,
BkT e 1/2 2 (E/ke

V, 8kTe/(wm)] (irao) exp (-E A

E ionization energy of ambient gas atoms (xenon)

--19
19.408X 10 joules,,IIJ
Bohr radius = 0. 53 X 1010 m.

This ression ior VI was taken from Lin and Teare. 29

VIT - ionization frequency due to electron impact on target vapor atoms,
1/2 2 (- kT8kTe/(rm)] (Ora ) exp (-E

o IT/ke)

El". ionization energy of target vapor,
-195. 984 x 1. 6 X 10 joules.

VNNI = ionization frequency due to a neutral atom colliding with an ambient

gas atom,102I/2[E/kN
102218kTN/(lmN 1 k + 11 • exp (-EI/kTN)

This expression for YNNI was taken from Zeldovich and Raizer. 30

LNNIT= ionization frequency due to a neutral atom colliding with a target '

vapor atom.
- 1022 [BkTT/(rmT)]1/2 ( [Er/(kTT) + 1] exp -EIT/kTT]

29. Lin, S.C. and Teare, J.D. (1962) Avco Research Report 115, Contract No.
AP19(604)-7458.

30. Zeldovich, Ya. B. and Raizer, Yu. P. (1966) Physics of Shock Waves and
High-Temperature Hydrodynamic Phenomena, Vol. 1, Academic Press.
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V = ionization frequency due to electron impact on an excited state atom,

.[8kTe/(Im) I/2(0ao2) exp - [(E1 -Eex)/kTel,

Eex excited state energy,

= 14.4 x 10" joules.

r = total recombination rate coefficient for radiative recombination and

electron-electron-ion recombination (from analogous calculations

performed for hydrogen, as given in McDaniel 3 1 ).

q phototonization rate for ionization of ambient gas atoms by continuum

radiation,
4•/f 1 (I/hv) a0 n (1 - eY) du,

where

y - hL/(kTN)"

frequency of continuum radiation,

I spectral intensity of continuum radiation,

am= cross section for the absorption of a photon hy by an atom in the nth

state and removal of an electron.
This expression for q is given by Zeldovich and Raizer. 3 0 For a hydrogen-

like atom whose remainder charge is Z in the nth quantum state

am 7.9 X 1022 (n/Z 2 )(P/lv) 3  
, in meters squared

where v is the minimum frequency of a photon still capable of removing an elec-

tron from the nth level (Kramer's formula).

For the steady state case, where the temperature, density distribution, and 1

radiation field are in local thermodynamic equilibrium, the spectral intensity is

given by

xo x xoIYx' f KY 1, exp [I K, dxt] dx' + I ,0 exp [f KLdx]

F1

31. McDaniel. E.W. (1964) Collision Phenomena in Ionized Gases, John Wiley H
and Sons.
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where

IYe x intensity of any incident external radiation,

K' = absorption coefficient lowered by induced emission,

K1, - Kvl - exp (-hy/kTN)J

Ky = absorption coefficient,

11p = Planck distribution for radiative equilibrium,

3 2 r1 1:(21h93/C )f 1=]
exp (hy/kTN)lJ

For continuous absorption of light in inert monatomic gases when hi'> E1 , an
approximate expression for Kv is given by

11INN \/2v \
Kt,=0.J6 O.A " -- ) 1 -•-) , in inverse meters ,

where

I Eu/kTN -

y = hv/kTN -

When the plasma in front of the target is sufficiently hot to radiate appreciably, 1 J'A
then K,>> 1 (the plasma is optically thick to the continuum radiation). In this
case,

VI L

2E• / ( -ey) dr4() 7.9 (10"-22) eh-•) dly'+l•

h (hc) (eY + ly

ex= photo-ionization rate for ionization of excited state atoms by continuum:,

Yi

radiation, 41 2

8(1/h) 7.9 (1022) (hcEx ex ( ei)

3 -y
S: .. .. . .. .... .. . . .... .... . ... ..... .•: • ,• • .. . .... . ..= .. ... . .. .. .. . . . .. .2 2,... .2. . . ....... ...I. .... . . .. e x ) .. . , ,e- ,e x ....1 .. . . .+!'



Ye -(El E ex/kTN
yex I x

While the continuum radiation is such that the plasma appears optically thick,

the resonant line radiation can diffuse because of the finite line-width. The follow-

ing expressions describing the transport processes of the "wings" of the resonantS25
radiation line are taken from Myshenkov and Raizer.

2i

DRAD 2I /3(3T),

= effective resonant radiation diffusion coefficient,

I mean-free path of resonant radiation quanta.

O. 7901 X 10  n m,

I" = average lifetime of excited state,

3.74 x 109 sec.
T = average time for resonant radiation to escape from plasma (laterally,

in y - z plane), A

= (R 2 /3DRAD).

R = average distance from center of plasma to lateral boundary (approx.

0.01 m).

= collision frequency for production of excited state atoms due to

electron impact on ambient gas atoms.

3 oi.,V ex f aOex fo 4 dv

v
ex

( 10-2212•," n el/. exp 1-0e vex2) [Vex 2 + 1/gel

f = Maxwellian electron distribution function,
I'1 3/2 Im2/

o = me/(2vrkTe)3 exp [-my /(2kTe)]

Vex =42ex1/..
V = electron velocity. '?

rex cross section for excitation,
232= 1022 m 2 (from Massey et al. ).

= M/(2kTe)"

"32. Massey. H.S.W.. Burhop, E.H.S., and Gilbody, H.B. (1969) Electronic
and Ionic Impact Phenomena, Oxford Clarendon Press.
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VeON electron-neutral collision frequency for momentum transfer,

• NN4Urlme/2wkTe1S/2 f reN exp Ve dv,
0

a (6/.kw)(10 l9)p "1/2 NN.

OeN - momentum transfer cross section,

- 3(l0"19) m 2 (from Massey et al.32).

Ve - electron-ion collision frequency,Ne(IA)Te3/2

Ve 0.e8 (10"6) (from Holt and Haskell' 6 ).

A a D/Pc.

Pc5C55(50") Te

59 O V. 0 (
•D 9.?(e/Ne)12

VlN ion-neutral collision frequency.

INI
= N N 'IlN vI. /

vI a [3kTI/mi] /3

aN = cross section for momentum transfer.

#AIN - mobility. ia 0.6(10"4) m2/(volt-sec) (from McDaniel 3 1 ).

"V ex = collision frequency for electron-excited state atoms,

eN(N/NN).

Viex = ion-excited state collision frequency,

- it(Nex/NN).

iITN = target vapor Ion-neutral gas collision frequency.

ITN

=NN O'IN VlT. 
!

vIT : r3kTrI/mITr .

vIT

V-NTN target vapor--neutral gas collision frequency.
= N (wao2 N.i

VT = 3kTTm' •
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KN thermal conductivity of ambient gas,

u~tXkN/wmN)1/ ~~*h~**

KT - thermal conductivity of target vapor,

a (3/2)(8kTT/wmT)'/ 2  k

Ke a electron thermal conductivity.

5NekOT
m= (from Shkarotsky et al.rael

KI = ion thermal conductivity,

= ~5N OT"i

KI (from Shkarofsky et al.

mT = target atom mass,

= 4. 514 x 10-26 kg (aluminum).

cp = specific heat of target material,

3
0. 9 x 10 joules/(kg - OK) (aluminum).

L = heat of vaporization,

- 1. 076 x 107 joules/kg.

P p - density of aluminum,

28 3
= 5.986 x 10i8 kg/mi

GeN = relative fractional energy loss for elastic electron - neutral collisions,

= 2me/mN.

Gel = GeN'

2m r-')
GIN (I 1/2.

(mn + In)

- rate of emission of target vapor a! target surface.

= NT(x - L) vo exp [-LM/NokTT(x = L)1.

33. Shkarofsky, I.P.. Johnston, T.W., and Bachynski, M.P. (1966) The Particle
Kinetics of Plasmas, Addison-Wesley.
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I

M - atomic.,weight of target material.

No Avogadro's number.

Shock formation in the ambient gas is described by adding a pseudo-viscous
pressure term (QSV) to Eqs. (11), (17), and (23) (Richtmyer and Morton ):

In Eq. (17),

NNTN - kNNTN + QSV

In Eq. (23),

r NTN - N/NN)(NNTN) + I(Sr) N/NN)

where

QSV -2(Ax) (MN/NN Ai

Here. Ax - spatial step size. The addition of the pseudo-viscous pressure QSV
allows NN- r Na and TN to vary smoothly over a shocked region with a shock-front
thickness about equal to several ax.

It was explained in a previous report9 that the numerical integration of
Eqs. (7). (8), (9), (10). (11), (12), (16). (17), (18), (20). (21), (22). (33). (24).

(34), (36). (40), (41). and (45) is greatly facilitated by breaking them down into
subgroups. First. the partial differential equations are converted to a set of
partially Implicit, partially explicit (PI - PE) difference equations. 2 1 If these
equations are properly grouped, then the PI - PE difference equations within each
group may be solved independently of the equations in other groups.

The system of PI - PE difference equations may be written in matrix form as

hak (47)

where p is a column vftor representing the unknown dependent variables at the
new time step t + At, A ti a matrix composed of known transport coefficients at
the old time t. and D is a column vector composed of known dependent variables
and transport coefficients &ut the old time t. The determination of the dependent
variables (NN, Ne, Nr Neai NT, NIT, rN, ree etcetera) at the new time step
t + At involves the inversion of the matrix A. The determination of A-1i greatly
facilitated by grouping the equations as follows:

Group I, ambient gas atoms - Eqs. (11). (17), and (23);
Group II, excited state atoms - ErA. (8), and (18);
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Group I"T, electrons and ions -- Eqs. (7), (10), (20), (21), (34), (36), (40),

and (41);

Group IV, target vapor - Eqs. (12), (16), and (22).

By following this particular subdivision into groups, the matrix A to be

inverted for each subgroup is much smaller than the matrix corresponding to all

equations considered simultaneously. This subdivision into groups results in

great saving of computer storage requirements and computer running tihne.

A subroutine called Define has been written to create the appropriate entries

in k and B for each subgroup of equations. Since the original differential equations

were of second order in the spatial variAle x, the corresponding difference equa-

tions are of second order in the spatial step size Ax. This implies that A is a band

tatructured m&trix, with many co-dip•)nals identically zero. The band structure

of A is deccmposed in Define into a 5,ingle column vector, as described in the IBM

scientific subroutine package entitled GELB 3 4 (Gauss Elimination Band). This

scientific subroutine package GELB solves M simultaneous equations in M unknowns

very efficiently by Gauss elimination with column pivoting only (Hildebrand3 5 ).

The high energy laser-target interactions computer program consists of a

main program that calls about 40 subroutines. The initial conditions for the

particle densities, fluxes, and temperatures are read in as data. The value of the

initial target temperature is specified, and the value of the incident laser field

intensity EINC is also specified. Parameters determiining the degree of implicit-

ness of the dilference equations and the spatial step size Ax are initially given.

The electric field E and magnetic field H are determined at each time step I
yfrom Eqs. (45) and (24).

The step-by-step time integration of these transport equations is accomplished

by calling the subroutines Define and Gelb from the main program for each sub-

group o; equations. This determines all the dependent variables along the new

time line (t + At). The time step At is automatically adjusted in the main program

by requiring that the successive changes in the dependent variables lie between

certain preselected tolerances. Let

Uk(t + At) - Uk(t)
TOLk Uk(t + At)

where Uk is any dependent variable (such as N r and so forth). If TOLk for
k n el rN'k

all variables is less than.TOLMIN, the time step At is increased by 20 percent.

34. IBM Application Program (1970) System/360 Scientific Subroutine Package,
Version III, edition GH20-0205-4.

35. Hildebrand, F. B. (1956) Introduction to Numerical Analysis, McGraw-Hill.
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To reduce the truncation error, the time step At is cut in half if TOLk is greater

than TOLMAX for any dependent variable. Also, to increase the efficiency of the

program, if TOL-k is less than 0. 1 TOLMIN for a particular subgroup of equations

for ten consecutive time steps, then that subgroup of equations is "frozen out" or

not Integrated, for ninety consecutive time steps. All the transport coefficients

such as v~ V ex Vrr'V VeN and so forth, are evaluated at each time step

in separate computer subroutines.

The computer output consists of listings of all the dependent variables as a

function of position at each time step. Also, the laser field intensity at the target

surface and the target surface temperature are given at each time step.

3. CONCLUSIONS

It was explained in reference 9 how the high energy laser-target interactions

program was checked out. Let

P = degree of implicitness for first order spatial derivatives,
S = degree of implicitness for second order spatial derivatives,

Z = relative fraction taken for forward differences along the new time line,
V = relative fraction taken for forward differences along the old time line.

For example, S = 0 corresponds to a fully explicit integration scheme for second
order spatial derivatives and S 1 corresponds to a fully implicit scheme. Also.
Z = 1 corresponds to ..aking forward differences along the new time line, and

Z = 0 corresponds to taking backward differences along the new time line.

In this report, the spatial step size Ax is nonuniform. The step size Ax was
taken equal to 2. 676 X 107 meters at the target surface. E~ach succeeding step
size is increased 3. 5 percent as one recedes away from the target surface. The
maximum number of incremental steps equals 154. The total distkince considered

equals 1. 521 mm. Maximum numerical stability was achieved with the following
scheme:

S =0.5'j For Group I (neutral atoms),
Group HI (excited state atoms).

P= 0.5Group IV (target vapor).

S = .01 For Group M (electrons and ions).

Let J represent an index to count the position of the step size Ax, so thatK the incident laser beam. The parameters V and Z are chosen so that
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F V=0.5

Z=0.5

This corresponds to taking central differences.
In this report, the laser frequency w is set equal to 1. 77826 X 104 rad/sec

(CO2 laser frequency). The target is aluminum and the ambient gas is xenon. In
the figures, the initial conditions on the variables rN, NN, TN, re., Ne, Tp, Te,
N NIT, NT, and TT are obtained by first selecting reasonable profiles for these
variables and then letting the program run with a small value for EINC (incident
field intensity) until the successive changes in the variables become relatively
small. Each case is illustrated by a set of two figures; one figure represents the
particle densities as a function of position at a given instant in time and another
figure represents the particle temperatures as a function of position at a given I
instant in time. In these figures,

r 0 -, electrons,

3 -) neutral gas atoms,

(-4target vapor atoms, V
S--) in the density plots, excited state atoms.

S-~'- in the temperature plots, ion temperature.

The distance x is normalized in these plots: x/L, where L = total laser path
length :% 1.521 mm. ie u vl t 2 0 t/

In Figures 1 and 2, EIC is set equal to 1 volt/meter (2. 7 10"7 2

and it may be noted that, after an elapsed time of 0.257 Msec, all density and
temperature profiles are fairly uniform in space. The final density and tempera-
ture profiles in Figures 1 and 2 are used as initial conditions in all subsequent

calculations. In this report, the incident field EINC starts from a very low value
(1 volt/meter) and rise3 as the square root of the elapsed time. This implies that
the incident flux rises linearly with time, and the rise time is adjusted so that the
incident flux reaches its peak value after an elapsed time of 0. 1 usec.

In Figures 3 and 4, EINC 6 X 106 volts/meter (0.95 x 10 7 watts/cm 2 ), and
the elapsed time = 0. 618 Msec. Ionization due to a neutral atom (ambient gas or
target vapor) colliding with a target vapor atom is neglected (VNNIT = 0). The
heat diffusion in the target vapor away from the target surface may be noted in
Figure 4. In Figures 5 and 6, EINC = 6 X 106 V/m, and the elapsed time = 1. 41

usec. Also, VNNDT = 0. Comparing Figure 6 with Figure 4, it may be noted that
the diffusion of heat away from the target surface continues in the target vapor.
However, it may be noted that there is no initiation of a laser absorption wave
(LAW) at this incident power density (0.95 x 10 watts/cm2)

a" ~421



In Figures 7 and 8, EINC * 2X107 V/m (1.06 X10 8 watts/cm 2 ) and the elapsed

time a 0.048s*sec. The ionization due to a neutral atom colliding with a target vapor

atom is neglected ('NIT 0). I Figures A and 10. the conditions are the same as
•, •in Figures 7 and B. except that the elapsed time it 0. 103 jpsec. It may be observed

that the electron density is increasing at a distance of about one wavelength from the

target surface. This indicates the ignition of a LAW. In Figure 10, it may be ob-

served that the ambient gas temperature reaches a peakvalue of about 104 OK. near

the target surface. Also, the target vapor temperature reaches a peak value of

about 106 OK near the target surface. This is physically unrealistit, because at this

temperature two target vapor atoms would collide and ionize. This shows that target

vapor atom-target vapor atom impact ionization may not be neglected in the ignition

of LAW's (VNNIT ý 0). The target vapor reaches a high temperature because the

targetvapor atoms are being rapidly emitted from the surface and are diffusing into

approximately one atmosphere of xenon gas, so thal the target vapor is undergoing

rapid, nearly adiabatic compression. The target - )o hasn't been able to transfer

all of its excess energy to the xenon gas on this time scale (0. 103 .sec).

In Figures 11 through 18, EIC = 6 X 1.6 V/m (0.95 X 10• watts/cm2 ). Also,

target vapor atom - target vapor atom impact ionization is not neglected

V (NNIT *0). Comparing Figures 3 through 6 with Figures 11 through 18

(ENC 6 X 106 V/m in all these figures), it may be noted that the densities and

temperatures are about the same when =0 and NN1 0 for comparable

elapsed times. Also, for the case when YNNIT • 0, it may be noted that there is
no ignition of LAW's at EINC = 6 x 106 V/m.

7 82
In Figures 19 through 24, EINC = 2 x 10 V/m (1.06 x 108 watts/cm2). Tar-

get vapor atom-target vapor atom impact ionization is not neglected (vNN 0).

The elapsed time in Figure 23 (0. 074 U sec) is roughly comparable with the elapsed

time in Figure 9 (0. 103 psec). However, the peak target vapor density in Figure

23 is about one order of magnitude less than in Figure 9. Also, it may be seen

that the peak target vapor temperature is almost an order of magnitude less in

Figure 24 compared with Figure 10. One may discern from Figure 23 the ignition

of a LAW by an increase in the electron density profile at a distance of about two

I: laser wavelengths from the aluminum target surface.

In Figures 25 thrrugh 28, EINC = 2 X 107 V/m and vNNIT " 0, just as in

Figures 19 through 24, except that in Figures 25 through 28, the diffusion of the

electrons and ambient gas ions is uncoupled from the diffusion of the target vapor

ions. This uncoupling is achieved by letting DIFFE2 - 0 in Eqs. (40), DIFFI2 - 0

and ANLPI - 0 in Eq. (41), and (N/Ne) - 0 in the expressions ?ir DIFFE1 and

DEN under Eq. (41). Comparing Figures 25 and 26 with Figures 19 and 20, and
Figures 27 and 28 with Figures 23 and 24, it may be observed that this uncoupling

procedure produces no discernible effects in the density or temperature profiles

for comparable elapsed times. If
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In Figures 29 through 38. = 2 x 10 V/m (1.06 x 108 wattslcm2 ) and

V NNIT * 0. The tic marks in the density and temperature profiles at x = 0. 9L

indicate a scale change in Figures 29 through 38. In Figures 29 and 30, the

elapsed time = 0. 079 Msec. The ignition of a LAW may be clearly observed in

Figure 29 by the increase in the electron density profile at a distance of about
10 meters (one laser wavelength) from the target surface. In Figure 29, it may
be seen that the aluminum vapor layer extends from x = 0. 94L up to x = L.

In Figure 30, it may be noted that the target vapor temperature reaches a
value of about 2 X 106°K at the outer edge of the aluminum vapor layer (x = 0. 94L),

due to nearly adiabatic compression. The vapor emerging at the target surface is

about 20000K.

From Figure 29, it is seen that the target vapor density NT increases as x
increases towards the target surface (x = L). Also, from Figure 30 it is seen that

the target vapor temperature TT increases rapidly as the edge of the vapor layer
is reached, and then decreases more slowly as x approaches the target surface.

+Since the rate of production of electrons by the process Al + Al - Al + Al + e
increases as NT and TT increase, it is not surprising that the electron density
buildup shown in Figure 29 occurs somewhere in the middle of the vapor layer
extending from x = 0. 94L to x = L. Figures 31 through 38 show the further develop-

ment of the laser absorption wave. In Figure 35 (elapsed time = 0. 1 asec) and in
Figure 37 (elapsed time = 0. 102 Msec), the target vapor density exceeds the xenon
gas density. Also. from Figures 36 and 38 it may be seen that close to the target
surface the xenon gas temperature TN has increased to over 20000 K, having been
heated primarily through elastic collisions with the aluminum vapor atoms. Now,
the xenon gas is sufficiently hot so that the process Xe + Xe - Xe + Xe + e also

plays a role in the electron density buildup. This process accounts for the "spike"

on the electron density profile near the target surface that occurs in Figures 35
and 37.

To summarize, the early stages in the ignition of a 1,AW from an aluminum F

target in xenon were observed at a power density of 10 watts/cm2 . Starting with I

a low density of "priming" electrons of 10 /cm3 (due to "prompt" field emission !
in time scales less than or of the order of 1 nsec), the first mechanism responsi-
ble for substantial electron density buildup is Al + Al - Al + Al + e. Later, as
the ambient xenon gas is heated by the hot target vapor through elastic collisions,

a second electron density buildup mechanism starts to play a role:

Xe+Xe---Xe+Xe + e.

Shock waves can be generated in the ambient gas, but not in the electron gas,
esince vx is always much less than •3"k . Also, there is considerableIs 43Te/m

44

L'"Maw



difference between the temperatures of the electrons, ions. target vapor atoms,
I ~and xenon gas atoms.* The computer program that has been developed can be used

to study the further development of LAW's. Also the ignition and propagation of
LAW's from various materials (such as dielectrics, or coated metal targets) may
be investigated.
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